The present research is focused on developing ZnAl 2 O 4 (gahnite) spinel as an antireflection coating material for enhanced energy conversion of polycrystalline silicon solar cells (PSSC). ZnAl 2 O 4 has been synthesized using dual precursors, namely aluminum nitrate nonahydrate and zinc nitrate hexahydrate in ethanol media. Diethanolamine has been used as a sol stabilizer in sol-gel process for ZnAl 2 O 4 nanosheet fabrication. ZnAl 2 O 4 nanosheet was deposited layer-by-layer (LBL) on PSSC by spin coating method. The effect of ZnAl 2 O 4 coating on the physical, electrical, optical properties and temperature distribution in PSSC was investigated. The synthesized antireflection coating (ARC) material bears gahnite (ZnAl 2 O 4 ) spinel crystal structure composed of two dimensional (2D) nanosheets. An increase in layer thickness proves the LBL deposition of ARC on the PSSC substrate. The ZnAl 2 O 4 2D nanosheet comprising ARC on the PSSC was tested and it exhibited a maximum of 93 % transmittance, short-circuit photocurrent of 42.364 mA/cm 2 and maximum power conversion efficiency (PCE) 23.42 % at a low cell temperature (50.2°C) for three-layer ARC, while the reference cell exhibited 33.518 mA/cm 2 , 15.74 % and 59.1°C, respectively. Based on the results, ZnAl 2 O 4 2D nanosheets have been proven as an appropriate ARC material for increasing the PCE of PSSC.
Introduction
Nowadays, depletion of fossil fuels, which is connected with the production of global energy, is observed. To overcome the intrinsic problem like limited availability and environmental issues related to the use of fossil fuels, new and more sustainable long-term energy solutions are employed to meet the future energy supply. In this regard, for the production of large-scale electricity, one of the alternatives is photovoltaics which converts sunlight directly into electricity. By minimizing the reflection losses, the PCE of solar can be improved by various techniques developed by researchers [1, 2] . In solar cells, display panels, and optical lenses, * E-mail: rajasekar.cr@gmail.com antireflection coatings (ARCs) are widely used, which is one of the effective approaches employed to control reflection loss [3] . For example, MgF 2 , Al 2 O 3 , Si x N x , SiO x , TiO 2 , Ta 2 O 5 , and ZnS are the materials used as ARCs in PSSC [4] . In recent years, owing to their potential optical and electrical properties, metal oxide semiconductors have been widely employed as ARC material.
ZnO is applied for a variety of important potential applications, such as optical and magnetic memory devices, chemical and gas sensors, solar cells, UV-light emitting diodes, piezoelectric transducers, photodetectors, photodiodes, biomedical engineering devices, and others [5] . Silicon solar cells with deposited zinc oxide based ARC thin films are used as transparent conductive thin film electrodes as they possess appropriate electrical conductivity, optical transparency, non-toxicity, and good stability to plasma environment and can be fabricated at low production cost [6, 7] . Increased consumption of tin-doped indium oxide (ITO) based transparent conductive oxide (TCO) has led to increased cost, low electrical conductivity of ∼10 −4 (Ω · cm) −1 , toxicity and instability in hydrogen plasma which gave a great motivation for the development of alternative transparent conducting materials. Improving the electrical conductivity and optical transparency of these metal oxides is the main challenge to be overcome. Optical, electrical and magnetic properties of TCO can be improved by alloying with appropriate elements of metal oxides in spinel structures. Consequently, extrinsic dopants such as Ga, In, Al, Cd, Cu, etc. are considered as donors which may alter the band gap of semiconductors. Obviously, Al doping in ZnO lattice induces defects and alters the band gap which may improve the optical and electrical properties of ZnO [5] . ZnO is a n-type wide band gap (3.37 eV) semiconductor that possesses large exciton binding energy (∼60 meV) [8, 9] .
Al-doped ZnO (AZO) films have received considerable attention as transparent conducting electrodes due to their high electrical conductivity, good optical transmittance and simple processing methods [6, 8, 10, 11] . The formation of spinel structured ZnAl 2 O 4 (gahnite) is possible due to high concentration of Al dopant in ZnO [12, 13] .
In both visible and ultraviolet spectra, ZnAl 2 O 4 spinel acts as a transparent conductive oxide film which possesses relatively high energy band gap (3.8 eV), mechanical resistance, thermal properties, fluorescence efficiency, and chemical stability better than other ZnO doped films. For photoelectronic devices and optical coating applications, these improved properties of spinel ZnAl 2 O 4 are very desirable [14] [15] [16] . For the deposition of ARCs on the surface of photovoltaic cells, former researchers have reported different coating methods such as spin coating, dip coating and spray pyrolysis [6, 8, [17] [18] [19] [20] [21] . Only a few studies have been performed to measure and calibrate the temperature field using IR (infrared) thermography by adopting ZnAl 2 O 4 ARC coating material. 
Methodology

Preparation of ZnAl 2 O 4 2D nanosheets
The ZnAl 2 O 4 2D nanosheet was synthesized by dissolving 4.3 g of Al(NO 3 ) 3 ·9H 2 O and 3.8 g of Zn (NO 3 ) 2 · 6H 2 O in 100 mL of C 2 H 5 OH. The precursor solution was stirred for 45 min. Further, 20 mL NH(CH 2 CH 2 OH) 2 was added as a forming agent for stabilization. The solution was sonicated for 10 minutes followed by continuous stirring for 2 h to obtain a pure homogeneous solution. The solution was then kept in a hot air oven at 150°C for 15 h. During the vaporization process, the pale white color solution turned into black jelly paste. Finally, ZnAl 2 O 4 2D nanosheets were obtained from xerogel (black jelly paste) after calcination operation held at 550°C for 2 h.
LBL assembly
The coating solution was prepared by dissolving the obtained ZnAl 2 O 4 2D nanosheets (1 g) in 100 mL of C 2 H 5 OH followed by continuous stirring for 2 h using a magnetic stirrer at room temperature. Before coating, the PSSC surface was washed with C 2 H 5 OH. The ZnAl 2 O 4 2D nanosheet dispersion was deposited on PSSC substrate by spin coating technique [22] . A solution containing ZnAl 2 O 4 was dropped on the substrate. The parameters adopted for coating and drying are shown in Table 1 .
The disc was constantly rotated at a speed of 3000 rpm for 30 seconds followed by drying in the hot air oven at 100°C for 10 minutes. The coating and drying processes were repeated for formation of LBL assembly. From the FE-SEM image, the thickness of deposited layers (1-5) was measured and shown in Table 1 . The gradual increase in the thickness (Table 1 ) confirms the uniformity of LBL deposition on the substrate.
Characterization methods
The crystal phase and crystalline orientation of the ZnAl 2 O 4 2D nanosheets were determined by X-ray diffraction (XRD), using Model X'PertPro analyzer, PANalytical, Netherlands, operated at 40 kV and 30 mA with Cukα radiation wavelength of 1.525 Å and scanning rate of 0.5°per minute at a step size of 0.02°. The energy dispersive X-ray fluorescence spectrometer (XRF, Model EDX-720, Shimadzu, Japan) was used to analyze the chemical composition of the sample calcined at 550°C. Thermal analysis of the xerogel was performed using thermogravimetric/differential thermal analyzer (TG/DTA, Model SII 6300, EXS-TAR, USA) in order to study the evaporation, decomposition and crystallization temperatures. Fig. 3 shows the XRF plot and the corresponding elemental percentage composition for synthesized material. From the quantitative results, it is proven that AlO 3 is the major component followed by ZnO in the formation of ZnAl 2 O 4 spinel crystal structure. Fig. 4 shows the TG/DTA curves of the xerogel. The TG plot shows the first weight loss at 100°C which is due to the evaporation of C 2 H 5 OH and interlayer water [23, 24] . The endothermic peak in the range of 250°C to 450°C corresponds to the second weight loss due to the combustion of organic matters, like NH(CH 2 CH 2 OH) 2 and alcohol groups. The final weight loss temperature at 540°C (exothermic peak) is attributed to the combustion of ZnAl 2 O 4 spinel structure. From Fig. 4 , it can be seen that the thermal decomposition of the xerogel takes place before 550°C and ZnAl 2 O 4 spinel crystal structure is formed at 550°C.
Results and discussion
The characteristic TEM and HR-TEM images with selected area electron diffraction (SAED) pattern of ZnAl 2 O 4 2D nanostructures are shown in Fig. 5 . TEM images reveal that the obtained ZnAl 2 O 4 spinel crystal structure has 2D morphology with the formation of nanosheets composed of nanoparticles. Fig. 5 presents 2D structure of the nanosheets which are composed of particles with the size of 8 nm to 16 nm. Based on the HR-TEM images shown in Fig. 5 , the length and the width of the nanosheets are in the range of 2 µm to 4 µm and 1 µm to 2 µm, respectively, indicating that the nanosheets have the aspect ratio of 2:1. The lattice fringe spacing of 0.28 nm, shown in Fig. 5c is in agreement with the d-spacing between the (2 2 0) crystallographic planes of ZnAl 2 O 4 cubic spinel system, which is confirmed by the XRD pattern. The dotted ring pattern of SAED in Fig. 5d shows the polycrystalline structure of the ZnAl 2 O 4 nanosheet cubic crystal system. The 1 wt.% of ZnAl 2 O 4 nanosheets were coated by layer 1, layer 2, layer 3, layer 4 and layer 5 on the top of PSSC. Fig. 6a to Fig. 6c show the cross sectional FE-SEM images of layer 2 (Fig. 6a ), layer 3 (Fig. 6b ), layer 4 ( Fig. 6c ) coating of ZnAl 2 O 4 . The images prove the deposition of the layers on the PSSC substrate. The thicknesses of the deposited layers, namely layer 2, layer 3, layer 4 are 1.05 µm, 1.56 µm and 2.15 µm, respectively. Fig. 6d shows the surface morphology of layer 3 deposited on PSSC and the corresponding Energy Dispersive Spectrum (EDS) analysis is shown in Fig. 6e . Si is the major component of the PSSC substrate. In addition, small amounts of Al and Zn are evident, proving the formation of ZnAl 2 O 4 layer on the PSSC. The traces of Al and Zn from the deposited layer can be correlated with XRF results of pure ZnAl 2 O 4 2D nanosheets. Fig. 7 shows the optical transmittance of the ZnAl 2 O 4 nanosheet layers deposited by spin coating on a glass slide surface. ZnAl 2 O 4 coated PSSC substrates exhibit the best transmittance in the wavelength range of 300 nm to 800 nm. It can be clearly seen from Fig. 7 that the three layer coating of ZnAl 2 O 4 nanosheets exhibits superior transmittance of 93 %, since ZnAl 2 O 4 scatters photons of irradiated light in maximum amounts so as more photons can pass through the glass slide substrate [25] [26] [27] [28] [29] . It can be clearly seen from Fig. 6 that the deposition of ZnAl 2 O 4 nanosheets enhances the transmittance of irradiated light with minimal reflection compared to uncoated PSSC substrate. The ZnAl 2 O 4 nanosheet has the optical band gap value of 3.8 eV which confirms that the material is a transparent semiconductor [14] . Further, the quality of improved transmittance of ZnAl 2 O 4 nanosheet makes an efficient surface layer for enhanced light trapping in the photovoltaic cell. The optical transmittance gradually rises from one layer to three layer coating, while the transmittance of the coating with four and five layers decreases. This evidences the importance of optimization of ZnAl 2 O 4 nanosheet layers thickness in ARCs and shows the significance of layer thickness, and coating transparency for the efficiency of photovoltaic cells. Moreover, the transmittance loss in layer 4 and layer 5 is due to the aggregation of ZnAl 2 O 4 nanosheets in the layers causing increased light scattering. To evaluate the enhanced power conversion efficiency of ZnAl 2 O 4 nanosheets modified PSSC, I-V characteristics were measured in controlled atmospheric conditions. Fig. 8 displays the experimental setup for I-V characterization. The fabricated solar simulator containing neodymium daylight lamp (radiation) was adjusted to the required radiation level with the help of AC regulator. The controlled atmospheric conditions nullified the continuous periodic fluctuations of radiation that normally occur in open atmospheric condition. A pyrometer was used to measure the radiation of neodymium lamp. IR thermal imaging was employed to assess the temperature distribution in both pure and AR coated silicon solar cells. Further, the higher number of layers deposited on PSSC led to drop in I sc and V oc with the consecutive decrease in PCE. The uncoated and coated PSSCs were subjected to temperature measurement under controlled atmospheric conditions. The efficiency η of the photovoltaic cell decreased with the rise in cell temperature [30, 31] . IR temperature measurement employs a non-contact method for studying the temperature changes in various fields such as medical, aeronautical and manufacturing industries. This technique produces visual pictures of the temperature of silicon solar cells conveying information faster and easier [32] . Fig. 10 shows the experimental results of temperature measurement on uncoated cell (Fig. 10a) , and cells coated with layer 1 (Fig. 10b ), layer 2 (Fig. 10c ), layer 3 (Fig. 10d ), layer 4 ( Fig. 10e ) and layer 5 (Fig. 10f ). It can be clearly seen that the layer 3 coated cell shows lower cell temperature (50.2°C) when compared with other PSSCs. Increased light scattering raises the heat flux in the layer, but decreases the transparency which is confirmed by IR thermal imaging of ARCs. Therefore, it is evident that the low cell temperature significantly increases the PCE of PSSC.
The generated cell temperature was minimal for ZnAl 2 O 4 nanosheet coated PSSC, which indeed enhanced the PCE of the cell. This may be due to the (i) increase in charge carrier mobility, (ii) lower 
Conclusions
A facile sol-gel route was employed to synthesize ZnAl 2 O 4 nanosheets using dual precursors: zinc nitrate hexahydrate and aluminum nitrate nonahydrate with ethanol as a solvent and diethanolamine as a stabilizer. The Miller indices (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) obtained from XRD results were indexed to ZnAl 2 O 4 spinel crystal structure. The percentage of Al 2 O 3 (66 %) and ZnO (33 %) obtained from XRF quantitative results confirmed the formation of ZnAl 2 O 4 spinel. From HR-TEM study, it was evident that the ZnAl 2 O 4 2D nanosheets are made from ZnAl 2 O 4 particles with a size of 8 nm to 16 nm. The increase in layer thickness confirmed the deposition of layers on the polycrystalline silicon solar cell substrate. The superior transmittance of 93 % and PCE of 42.36 % have been obtained for three-layer ZnAl 2 O 4 deposited PSSC evidencing diffusion of more photons into the silicon solar cell substrate. Based on the observations from I-V studies, the PSSC with deposited three-layer ZnAl 2 O 4 showed the highest I sc of 42.364 mA/cm 2 , which significantly enhanced the PCE to 23.42 %. Further increase in the number of deposited layers led to decrease in PCE. It was also observed that the efficiency of silicon solar cell drops with the rise in solar cell temperature. Hence, it is obvious that ZnAl 2 O 4 nanosheet acted as an excellent ARC material for increasing the PCE of PSSC.
